The nests of social insects are not only impressive because of their sheer complexity but also because they are built from individuals whose work is not centrally coordinated. A key question is how groups of insects coordinate their building actions. Here, we use a combination of experimental and modeling approaches to investigate nest construction in the ant Lasius niger. We quantify the construction dynamics and the 3D structures built by ants. Then, we characterize individual behaviors and the interactions of ants with the structures they build. We show that two main interactions are involved in the coordination of building actions: (i) a stigmergic-based interaction that controls the amplification of depositions at some locations and is attributable to a pheromone added by ants to the building material; and (ii) a template-based interaction in which ants use their body size as a cue to control the height at which they start to build a roof from existing pillars. We then develop a 3D stochastic model based on these individual behaviors to analyze the effect of pheromone presence and strength on construction dynamics. We show that the model can quantitatively reproduce key features of construction dynamics, including a large-scale pattern of regularly spaced pillars, the formation and merging of caps over the pillars, and the remodeling of built structures. Finally, our model suggests that the lifetime of the pheromone is a highly influential parameter that controls the growth and form of nest architecture.
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collective animal behavior | stigmergy | ants | nest building | computational modeling I nsect societies, such as ants and termites, are among the living organisms that build the most diverse and complex forms of nests (1) (2) (3) (4) . These nests play a crucial role in the growth and adaptation of colonies: the nests ensure a protection against predation, provide a place to store food, and allow an efficient regulation of energy and gas exchanges with the outside environment (5) (6) (7) (8) (9) (10) . Within termite nests, intricate communication pathways create efficient and robust networks connecting the various areas of a nest (11, 12) . Even more remarkable is the ability of social insects to reshape their nests when colony size is growing or when environmental conditions such as temperature, moisture, and light are changing (13, 14) . One fundamental question is: How are these efficient and plastic structures built? How do insects communicate and coordinate millions of building actions in such a way that the resulting nest's shape copes with external conditions? Since the pioneering work by P. P. Grassé, who introduced the concept of "stigmergy" (15) , very few studies have addressed these questions and fewer have provided an experimental validation of stigmergic interactions. The underlying principle of stigmergy is that by modifying the local environment, an insect can indirectly influence the actions of other insects of the same colony at a later time, thereby leading to the emergence of coordinated collective behavior (16) . Theoretical models have been proposed to account for 3D nest construction in wasps and termites (17) (18) (19) , indicating that stigmergic interactions can potentially explain the coordination of nest building in these animal groups. However, a detailed and experimentally founded understanding of the interactions between the animals and the structures that they are building is limited to the construction of simple 2D structures produced by ants and termites, either by digging the substrate (20) (21) (22) (23) (24) (25) or piling soil particles (26) (27) (28) . In ants, 3D nest construction remains poorly documented and so far no study has attempted to connect a detailed quantitative description of individual building behavior with the growth dynamics and the resulting shape of nests.
Understanding construction behavior in social insects is a challenging task because of the difficulty to gain access to workers' activities within a nest. Here, we use a combination of experimental and modeling approaches to investigate the 3D nest construction in the ant Lasius niger. This ant species, in addition to digging underground galleries through the soil, frequently also assembles soil particles, to build small mounds and other structures in natural soil cavities or in the meadows (29) . We aim at disentangling the coordination mechanisms in the early building stage, when the first pillars or walls emerge (within 2-7 d). We first analyze the 3D structure of L. niger nests from X-ray tomography. We then focus on the construction dynamics at two different scales: (i) the behaviors of individual workers and (ii) the resulting collective patterns. We use a simplified setup in which we control the amount of available building material Significance Social insects build some of the most complex nests found in the animal kingdom. Here, we use experiments and modeling to decipher the mechanisms involved in the coordination of nest building in the ant Lasius niger: we first characterize nest architecture and its growth with 3D imaging techniques; then, we test the building responses of individual ants to artificial stimuli. A model entirely based on experimental data confirms that the individual level interactions and building rules are sufficient to reproduce the nest growth dynamics and the spatial patterns observed for real ant nests. Our results show that a pheromone added by ants to the building material is a key factor that controls the growth and form of nest architecture.
and we record and quantify at regular time intervals the 3D structures built by groups of ant workers. With a separate set of experiments, we also quantify individual building behaviors and the interactions of ants with the structures that they build. We then use these data to build and calibrate a 3D stochastic model of collective construction behavior. The model allows us to analyze our experimental results and reveals that a pheromone added by ants to the building material is a key factor responsible for the observed spatial patterns. Because of its limited lifetime, this pheromone is not homogeneously present on the surface of the built structures, thus creating a topochemical landscape that determines the places at which ants concentrate their building activity. The pheromone thus controls the growth dynamics and the resulting nest architecture.
Results
Quantitative Description of Nest Structure. To compare the structures built by ants in laboratory settings with the nests constructed in the field, we collected two L. niger mounds built in natural conditions from meadows (Fig. 1A) . The mounds were imaged with X-ray CT and reconstructed into 3D digital images (Fig. 1B and SI Materials and Methods). The internal structure of the nest is composed of a large number of interconnected chambers and galleries. The volume of nest A (Fig. 1A) was 5,390 cm 3 , and the volume of nest B was 7,099 cm 3 . In both nests, the chambers and galleries occupied around 30% of the total nest volume (1,730 cm 3 for nest A and 2,134 cm 3 for nest B). Fig.  S1 reports the distribution of height of all of the chambers and galleries in the nests. The peak of the distribution is at 5.9 mm for nest A and 5.5 mm for nest B. The distribution of the chambers and galleries widths is given in Fig. S2 for the two nests. For both nests, the distribution of widths is centered around 12 mm.
Construction Dynamics. To quantify the collective construction dynamics and the resulting structures, groups of 500 ants were given access to a Petri dish covered with a thin layer of moistened building material (a 3-mm-high mixture of sand and clay; SI Materials and Methods and Fig. S3 ). Within a few hours after the ants' introduction, they start to build pillars reaching an average density of 0.3 pillars per cm 2 after 48 h (Figs. 1 C and E and 2A, Fig.  S4A , and Movies S1 and S2). Pillars are regularly spaced with an average distance of 9.93 ± 0.66 mm (mean ± SD) between the nearest pillars, suggesting their spacing is regulated to a characteristic scale (Fig. 2 B, D, and E) . These values of interpillar distance are comparable in scale to the values of chamber and gallery widths in the nests collected in the field. When pillars reach a critical size corresponding to a mean height of about 4 mm, ants start to build a roof by adding pieces of material on the sides of the pillars, thus rapidly increasing the surface over which the material can be dropped (Fig. 2C) . These upper portions of pillars, called caps, have first a globular shape and then the caps' edges become flatter with time ( Fig. 1D ). It may happen that, while extending over the pillars, nearby caps come into contact, merge, and form arches that cover passages between pillars ( Fig. S4 B and C). However, the limited amount of sand-clay mixture in our study prevented the ants from building a closed roof over the pillars. It is also important to notice that the shape of caps changed over time, mainly as a result of a constant remodeling activity performed by ants (Fig. 1F ).
Individual Behavior. To investigate the mechanisms involved in nest construction, we carried out a separate set of experiments with the aim of quantifying the building behavior of individual ants and their interactions with the structures they built. Individual's building behavior consists of three easily identified components: ants first dig, pick a small amount of material, and shape a pellet; then, they move for some distance while carrying the pellet; and, finally, they either spontaneously drop the pellet on the soil surface or add it to an existing built structure. We first analyzed how built structures modulate the way ants pick up and deposit soil pellets. Our experiments show that the deposition of building material stimulates ants to accumulate more material at the same place later on, thus creating a positive-feedback loop.
To quantify this feedback loop, we estimated the probabilities to pick up and deposit a soil pellet as a function of the number of already-deposited pellets. In the experimental setup, ants had access to an empty plastic chamber whose floor was covered with a thin flat layer of moistened plaster ( Fig. S5 and SI Materials and Methods). Building material (wet sand-clay mixture) was provided close to the chamber's entrance, a condition that strongly stimulates the ants to bring soil pellets inside the chamber. These conditions make it possible to record every building action performed by the workers, whether it is a deposition or an extraction of a piece of building material, the ants' movements over the surface of the chamber, or the size of piles made of previously deposited pellets that the ants come into contact with (Movie S3). Over time, pellets brought by workers start to form clusters that progressively lead to the formation of small piles. Thus, the deposition of material at a certain place stimulates ants to accumulate more material at that place. The probability PðdropjnÞ that an ant deposits a pellet on a pile of n previously deposited pellets was estimated by the ratio of the number of depositions to the total number of contacts that ants carrying a pellet had with a pile of that size. We checked that the probability to deposit a pellet was not affected by the previous contacts ants had with other piles, so that the ants' behaviors can be described by Markovian processes (SI Materials and Methods and Fig. S6 ). Fig. 3A suggests that PðdropjnÞ increases with the number of previously deposited pellets.
As the number of depositions increased on the chamber's floor, we observed that ants also pick up pellets on the existing piles, thus remodeling the built structures. To determine the probability PðpickjnÞ that an ant picks up a pellet on a pile of n previously deposited pellets, we need to estimate both the contact rate of unloaded ants with a pile of size n and the rate of change of that pile after a contact with an ant (SI Materials and Methods). Fig. 3B suggests that PðpickjnÞ decreases with the number of previously deposited pellets (see SI Materials and Methods for the computation of the individual picking-up and deposition rates associated with these probabilities).
As the amount of building material already deposited in some places increases, the deposition of pellets in those places is enhanced, leading to the emergence of pillars. Then, as soon as the pillars reach some critical height, workers stop adding pellets on top of pillars and start to build extensions on the sides. To better understand this behavior, we performed an additional set of experiments in which we used artificial pillars made of wood (SI Materials and Methods). These pillars were about the same diameter as the ones built by ants but higher (15 mm). We measured the height at which the pellets were fastened on these pillars and found that it corresponded to the mean body length of an ant worker [ Fig. 3C ; minimum height: 4.02 ± 0.33 mm (n = 13); maximum height: 8.46 ± 0.64 mm (n = 13); mean ant body length: 4.1 ± 0.14 mm]. This result suggests that workers used their body size as a template to decide at which height they will stop to pile up pellets on an existing pillar and start to build a roof from that pillar.
We also checked whether any secretion was added to the pellets by ants during their manipulations. In termites, it has been shown that a volatile chemical substance called "cement pheromone" originating from a worker's salivary gland was added to the building material and stimulated the deposition of soil pellets (30) (31) (32) . A similar pheromone might also be used by ants and could play a role in the coordination of building actions. If a chemical marking exists, it would increase an ant's rate to drop material at the sites with the most recent deposits, thus enhancing the accumulation of an increasing number of pellets. To test this hypothesis, we performed a series of experiments in which we analyzed the behavior of ants when they came into contact with two pillars: one control pillar made with fresh building material that had never been in contact with ants and one with material that had been recently manipulated by ants (SI Materials and Methods). Fig. 3D shows that within a few minutes after the ants' introduction in the experimental arena, there was a highly significant proportion of ants in a circular area of 6 cm 2 around the pillar made with freshly manipulated material in comparison with the same area around the control pillar. These results clearly reveal the existence of a chemical compound in the material manipulated by ants that has a retention effect on the ants. This effect, which has recently been described in termites (33), may concentrate workers carrying pellets in some locations and hence lead to a concentration of depositions at those places. However, because the chemical compound evaporates with time, this effect has only a limited duration.
Computational Model. A stochastic, spatially explicit individualbased model (IBM) was developed to understand the respective roles of the individual behavioral rules and the building pheromone in the emergence and characteristics of tridimensional structures built by groups of ants. In the model, the 3D discrete space is defined by a 200 × 200 × 200 cubic lattice with a unit side length Δl = 0.5 mm. The building material is made of particles whose elementary size corresponds to that of a single cell. Ants are mobile agents, and each of them also occupies a single cell. Because the density of ants remains quite low in the experimental setup, one can consider that there is no cluttering effect that could prevent the workers having access to any potential building site (Movie S1). This condition is in sharp contrast to digging behavior. In that case, the dug galleries and the workers have often the same width, thus limiting an easy access to the digging fronts (34) . Hence, although real ants are much larger than the particles of material that they pick up, transport, and deposit, we represented each ant as occupying a single cell in the cubic lattice. One may consider that a cell corresponds to the location of the head of the ant where it performs its building behavior. Each ant can only perceive its 26 neighboring cells in 3D space (hereafter denoted as V 26 ).
In line with previous models of nest building behavior (17, 19) , our model also incorporates logistic constraints imposed by the built structures on the motion of ants. Namely, ants move according to a random walk, but they are constrained to stay in contact with the surface of the built structure and cannot walk through cells that are already occupied either by building material or by other ants. Moreover, ants can only move to adjacent locations (i.e., to the six orthogonal locations around the ants' current position). When ants come into contact with the boundaries of the lattice, their motion is randomly reoriented in a direction facing away from these boundaries. The deposition behavior is also conditioned by physical constraints: a building particle can be deposited only at locations where it can share a common face with another particle. Finally, a particle can be deposited in a cell only if there exists an empty adjacent cell where an ant can move after the deposition (see SI Materials and Methods for details).
During one time step, agents move as described above, and then they can either (i) choose to pick up a particle from the ground if they are not already carrying one with a probability e PðpickÞ, (ii) deposit a particle with a probability e PðdropÞ, or (iii) simply keep walking. The decision process is local and Markovian: e
PðpickÞ and e PðdropÞ only depend on the number of particles present in V 26 . There is no effect of the amount of time an ant has spent either moving unloaded on e PðpickÞ or carrying a particle on e PðdropÞ. An ant can pick up any particle on the bottom layer of V 26 and deposit a pellet on the ant's current position, both as a function of previously deposited pellets in V 26 ½ e PðpickÞ = e PðpickjnÞ and e PðdropÞ = e PðdropjnÞ. The model also includes the body-template effect that leads to the lateral depositions of pellets on the sides of pillars that are tall enough. Thus, e
PðdropjnÞ is modulated by the height of the empty space below the current ant's position [simply by multiplying e PðdropjnÞ by the cumulative density function in the Inset of Fig. 3C ].
Experiments also suggest that ant workers add a pheromone to the building material that may enhance further depositions of pellets at the locations where pheromone intensity is high enough. We have included the chemical marking of building material in the model: once it has been deposited, a particle is labeled by the time of its deposition. As a first approximation, we consider that the diffusion of the pheromone was negligible. We assume that the pheromone decay rate η m (i.e., the inverse of the mean lifetime of the pheromone) is exponential. Thus, the pheromone provides the ants with local information about the time elapsed since a particle was deposited at a given location. The ants' response to the pheromone is an increase of e PðdropjnÞ with the total amount of pheromone in the surrounding building material as follows:
where τ m is the time elapsed since the latest deposition event in V 26 , and η d ðnÞ is the instantaneous deposition rate (Eq. S3 in SI Materials and Methods). Model simulations were done with a group of 500 ants and updated every Δt = 1 s.
Estimation of Model Parameters. All parameters of individual ant behaviors were estimated from the experimental data with the exception of the lifetime of the pheromone (1=η m ), which depends on many parameters such as temperature and humidity (SI Materials and Methods). Pheromone lifetime was the only free parameter of the model, and we investigated how it affects the construction dynamics.
Simulation Results and Comparisons with Experimental Data. We investigated the effect of pheromone lifetime on the growth and form of structures built by ants (Fig. 4 A and B and Fig. S7 ). Our simulation results show that without the dynamics induced by pheromone marking, no structure can be built (Movie S4). The material that covers the whole surface of the experimental setup is just remodeled, but there is no amplification of depositions at some locations, and as a consequence, no pillar can be built. This result suggests that the pheromone included by ants in the pellets of building material is a key ingredient in the construction process. When the lifetime of the pheromone exceeds 10 min, ants start to build small pillars with an average size that is less than the threshold of 14 mm 2 used to detect pillars in the experiments (Fig. S7 and Movie S5). By chance, the concentration of depositions at some locations creates little heaps that become the seeds from which the ants start to build the pillars; this process results from a positive feedback induced by the pheromone (Fig.  5 A-C and Movie S6). Then, for higher values of the pheromone lifetime, when pillars become high enough, particles are added on their sides, thus rapidly increasing the surface over which more material can be deposited. The resulting shape of caps built on top of pillars is similar to the shape built by ants in the experiments (Fig. S4A) . It may also happen that when two neighboring caps are close enough, they can merge, thus forming an arch connecting two pillars (Fig. 5C) . At a larger scale, the spatial patterns built in the simulations are very close to those observed in the experiments (Fig. 5 G-I) , and a constant remodeling activity of the built structures can also be observed (Movie S7). A closer look at the spatial organization of pellets in the pillars and the visualization of the amount of pheromone present in each pellet also reveals a rich and complex topochemical landscape (Fig. 5 D-F and Movie S8).
For some values of the pheromone lifetime (800 s ≤1=η m ≤ 1,200 s), the temporal dynamics of the average density of pillars and of the average distance between neighboring pillars, as well as the distribution of distances between neighboring pillars, after 96 h are in close agreement with the temporal and spatial dynamics observed in experiments (Fig. 2 A-E and Fig. S8 ). For increasing values of the pheromone lifetime, the median distance between neighboring pillars first increases, reaches a maximum when 1=η m ∼3,600 s, and then decreases again (Fig. 4A) . However, one can notice that the corresponding dynamics of the average density of pillars undergoes a drastic change as the pheromone lifetime increases. As construction progresses, the density of built pillars increases until it reaches a maximum for 1=η m ∼7,200 s, and then it decreases to reach a value comprised between 0.15 and 0.3 pillar/cm 2 ( Fig. 4B) . It can also be observed that the sharpness of dynamics increases with 1=η m . This particular pattern reflects the merging process of neighboring caps and their lateral growth (Fig. S7 and Movie S9). As a consequence, the total number of distinct structures built above 3 mm (the criterion that was used for counting pillars) diminishes (Fig.  4B and Fig. S8 ). Such dynamics are somewhat quite different from those observed in the experiments, because in the latter, the average density reaches a plateau around 72 h. Moreover, even if some merging events are observed in experiments, the enlargement and the flattening of caps over the pillars is not as important as the merging events observed for larger values of 1=η m . We have finally investigated a situation in which the lifetime of the pheromone was much larger than the total duration of simulations (Fig. 4 A and B , Movie S10, and Fig. S8) . In that case, we found a very large number of small pillars with an average distance between neighboring pillars of ∼8 mm. Over the long term, the whole building material becomes saturated with pheromone and the pellets are evenly deposited. The first pillars are then progressively eroded because of the remodeling process, but no other built structure can emerge anymore. All combined, these results suggest that a reasonable value for the pheromone lifetime in our experimental conditions would be between 800 and 1,200 s.
Discussion
Nest construction by social insects is a classic example of biological morphogenesis (35, 36) . Therefore, identifying the underlying mechanisms involved in the coordination of building behavior is of fundamental importance to understand the growth and form of nest architecture. Here, we have characterized the individual behaviors involved in nest building in the ant L. niger, and we have constructed a 3D model for disentangling the coordinating mechanisms at work. This is the first study to our knowledge that addresses 3D nest morphogenesis in social insects through a tight coupling of experiments and data-driven modeling. Our results indicate that the coordination of building actions was achieved through two main interactions: (i ) a stigmergic-based interaction that controls the amplification of depositions at some locations and the emergence of pillars and is attributable to a pheromone added by ants to the building material; and (ii) a template-based interaction between the ant's body and the growing structures that controls the height at which ants start to build a roof from an existing pillar. The model shows that this simple set of interactions and building rules can reproduce the key features of construction dynamics that have been observed experimentally in the ant L. niger, including a large-scale pattern of regularly spaced pillars, the formation of caps over the pillars and their subsequent merging, and the remodeling of the built structures. A similar combination of mechanisms involving self-organization and template has been described in the construction and size regulation of the encircling wall in the ant Leptothorax tuberointerruptus, which builds simple bidimensional nests within flat crevices (27) . This finding suggests that common coordination mechanisms might govern the growth and adaptation of nest architecture in ant colonies. In L. niger, the combination of information provided by the material patterns and the local concentration of pheromone extends the richness of stimuli used by ant workers to guide their building activity. Thus, depending on the amount of chemical signal impregnating the surface of a built structure, the same 3D constructed pattern can elicit different building responses from the ants. Moreover, the heterogeneous spatial distribution of the pheromone present on the built surface creates a topochemical landscape that determines the rate of deposition of new pellets. The pheromone thus controls the local growth dynamics and the resulting nest architecture.
With the exception of the pheromone lifetime (1=η m ), all behavioral parameters have been quantified in dedicated experiments, and the model's predictions have been confronted with measurements on the structures built by ants in the field and in the controlled experiments. A sensitivity analysis was used to determine the value of 1=η m (between 800 and 1,200 s), leading to construction dynamics and spatial patterns similar to those observed in the experiments. This estimated value of the pheromone lifetime is of the same order as that of the trail pheromones described in many ant species [e.g., about 10 min in Monomorium pharaonis (37), 10-20 min in Solenopsis saevissima (38) , and up to 30 min in Linepithema humile (39)].
The model was then used to assess the role of the pheromone on building activity. The simulation results clearly indicate that the pheromone is an essential ingredient to induce a positive feedback and ensure the growth of the basic elements from which the ant nest is made. In absence of pheromonal marking, ants would not be able to distinguish marked from unmarked building material. Moreover, the lifetime of the pheromone governs the characteristic spacing between adjacent pillars. Hence, because temperature and humidity strongly influence the pheromone's mean lifetime, the pheromone is likely to play a key role in the phenotypic plasticity of nest architecture in L. niger. The pheromone directly modulates the local behavioral response of ants to the previously built structures without having a direct impact on the flows of ants carrying building material. This mechanism is in sharp contrast to previous hypotheses introduced by Deneubourg (40) in a simple 1D construction model. In this model, the emergence of regularly spaced pillars was resulting from a pheromone-driven advection of insects with no interaction between them and the building material (i.e., the picking-up and deposition rates are constant). Our results show that in L. niger, construction behavior is based on a direct and local interaction between the individuals and the material used to build the nest, needing no more than a simple diffusive movement of ants constrained by the evolving and collectively built surface over which they move.
One can finally notice that the structural stability of the nests built by ants requires a minimal density of pillars, so that caps can easily merge, form arches between neighboring pillars, and endure desiccation. A regular spacing of pillars also favors a uniform growth of the roof. Remarkably, the typical interdistance between pillars is robustly driven by the behavioral parameters and the pheromone lifetime; neither the number of ants (Fig. S9) nor the available space (Fig. S10) affects the spacing between pillars. In biological systems, processes based on a local-activation and long-range inhibition (41) provide a simple and efficient way to get such regular patterns, and the existence of these processes has been demonstrated to govern the spatial organization of corpse aggregates in the ant Messor sancta (28) . In L. niger, pillar formation is based on a similar logic. However, positive and negative feedbacks that support self-organization are implemented in different ways. Whereas in M. sancta, negative feedback mainly results from the depletion of corpses from which clusters are made, in L. niger, the negative feedback simply results from the evaporation of the pheromone. Thus, simple behavioral rules whose execution depends on local cues (density of marked material and body size) ensure an economic coding of the processes required for building a complex 3D nest structure by a group of insects. In this way, similar individual rules can be involved in many different collective behaviors, from corpse aggregation to nest building.
